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Abstract 12 
Transcutaneous spinal direct current stimulation (tsDCS) is a non-invasive neuromodulatory 13 
intervention that has been shown to modify excitability in spinal and supraspinal circuits in 14 
animals and humans. Our objective in this study was to explore the functional 15 
neuromodulatory potential of tsDCS by examining its immediate and lasting effects over the 16 
repeated performance of a whole body maximal exercise in healthy volunteers. Using a 17 
double-blind, randomized, crossover, sham-controlled design we investigated the effects 18 
of 15 min of anodal tsDCS on repeated vertical countermovement jump (VCJ) performance 19 
at 0, 20, 60, and 180 time points post-stimulation.  Measurements of peak and take-off 20 
velocity, vertical displacement, peak power and work done during countermovement and 21 
push-off VCJ phases were derived from changes in vertical ground reaction force (12 22 
performance parameters) in 12 healthy participants. The magnitude and direction of change 23 
in VCJ performance from pre- to post-stimulation differed significantly between sham and 24 
active tsDCS for 7 of the 12 VCJ performance measures (P < 0.05). These differences 25 
comprised of a post-sham fatigue in VCJ displacement/work done, peak to peak power and 26 
take-off velocity, and a resilience to this fatigue effect post-active tsDCS.  In addition there 27 
was also an enhancement of countermovement performance and total work done (P < 0.05). 28 
These changes did not vary across repeated VCJ performances over time post-tsDCS (P > 29 
0.05). Our original findings demonstrate that one single session of anodal tsDCS in healthy 30 
subjects can prevent fatigue and maintain or enhance different aspects of whole body 31 
explosive motor power over repeated sets of VCJs performed over a period of three hours. 32 
The observed effects are discussed in relation to alterations in central fatigue mechanisms, 33 
muscle contraction mode during jump execution and changes in spinal cord excitability. 34 
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These findings have important implications for power endurance sport performance and for 35 
neuromotor rehabilitation.  36 
Introduction 37 
Transcutaneous spinal direct current stimulation (tsDCS) is a relatively new approach to 38 
neuromodulation, with increasing literature since 2008 providing evidence of short lasting 39 
modulatory effects on spinal and supraspinal function.  To date, researchers have reported 40 
modulation of segmental spinal reflex behaviours [1-4], corticospinal excitability [5] and 41 
somatosensory pathway conduction [4, 6] in humans. Research on anaesthetised rodents has 42 
shown spinal DCS to influence supraspinal activity [7, 8] and to modulate muscle force 43 
production, reflexive actions and locomotor activity [9, 10]. Although these animal studies 44 
used invasive electrode placements, they do raise the possibility that tsDCS may modulate 45 
functional motor outcomes in humans.  46 
Research on transcranial direct current stimulation (tcDCS) indicates that its effects are 47 
dependent on the orientation of the underlying neural compartments relative to the direction 48 
of current flow [11].  Similarly, tsDCS-evoked facilitation or inhibition of spinal neural 49 
pathways and circuits are also reported to be polarity dependent and to persist post-50 
stimulation [12].  In rodent studies, anodal tsDCS is reported to depress cortically elicited 51 
muscle contractions during stimulation, but potentiate them post-stimulation, with the 52 
opposite true for cathodal tsDCS [9].   Polarity effects on target pathways will also depend on 53 
the site of stimulation (e.g. cervical or lumbosacral) [5, 12].  As a method of neuromodulation 54 
tsDCS is non-invasive, well tolerated by subjects, and there have been no adverse events 55 
reported following single session tsDCS interventions [6, 12] . 56 
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The spinal cord is an attractive target for neuromodulation.  Segmental and intersegmental 57 
circuits integrate and process multisensory and supraspinal information to refine and adapt 58 
the motor output patterns needed to coordinate and successfully perform functional motor 59 
tasks (e.g. standing, running, walking or jumping).  Repeated practice and training constantly 60 
stimulate adaptation and plasticity in spinal and supraspinal pathways as a prerequisite for 61 
motor skill learning [13].  TcDCS neuromodulation has also been found to enhance motor 62 
skill learning via similar neuroplastic mechanisms as practice mediated plasticity [14].  By 63 
targeting the integrative neural pathways and circuits of the spinal cord, anodal tsDCS may 64 
therefore have the potential to exert positive neuromodulatory actions on circuits that 65 
influence coordinated, whole body motor performance.  These effects may be beneficial in 66 
sports or during rehabilitation following brain or spinal cord injury.  However, at the present 67 
time it is not known whether the application of lumbosacral tsDCS translates to any 68 
measurable or lasting effects on motor power or voluntary motor performance in humans.   69 
Therefore the aim of this study was to determine if tsDCS applied over the lumbosacral cord 70 
could change the functional performance of a human whole body motor task. The motor task 71 
studied here is the vertical countermovement jump (VCJ) with arm swing which is a 72 
powerful, explosive plyometric exercise that requires the coordination of head, neck, trunk, 73 
and all four limbs.  VCJ performance is used as a measure of whole body power in athletics 74 
[15-17] and can be characterised through a range of measures derived from changes in the 75 
vertical ground reaction force (GRF) generated as a person prepares and executes the jump 76 
[16-18].  This motor task was chosen to maximise our chances of detecting any tsDCS effects 77 
on motor power during an unconstrained task comprising repeated maximal eccentric and 78 
concentric muscle activations. Although this particular motor task is not appropriate in a 79 
neurorehabilitation setting, changes in VCJ performance after tsDCS may indicate the 80 
rehabilitative potential of tsDCS for modulating motor control circuits including those 81 
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involved in sitting, standing and falls prevention.  In this exploratory pilot study, we 82 
investigated the influence of 15 minutes of sham and active anodal tsDCS (double blind, 83 
cross over design) on repeated maximal effort VCJ performance in healthy human volunteers 84 
over a period of three hours.  85 
Methods 86 
Subjects and ethical approval   87 
Following approval by the University of Strathclyde Research Ethics Committee and in 88 
accordance with the declaration of Helsinki, 12 (3 female) normally active, healthy 89 
volunteers (M ± SD: age 29 ± 11 years and BMI 23 ± 2) were recruited from the University 90 
campus between July 2014 and February 2015 and gave their fully informed written consent 91 
to participate in the study.  Six of these participants (1 female) had experienced one 15 min 92 
tsDCS application 4--6 months previously for a separate investigation. The individual shown 93 
performing the VCJ manoeuvre in the supporting video (S1 Video) has given written 94 
informed consent (as outlined in PLOS consent form) to publish this video. 95 
All participants attended two separate test sessions in order to investigate the effects of sham 96 
and active anodal tsDCS on VCJ performance. The minimum time interval between sessions 97 
was one week.  Participants were asked to avoid any intensive or unaccustomed physical 98 
activity in the week preceding the tests and to avoid consuming any food or caffeinated 99 
beverages within the two hours prior to the start of each session. Otherwise, no dietary or 100 
fluid intake restrictions were applied over the course of the study.  Body mass and height 101 
were recorded for all subjects during the initial consenting visit and prior to testing.  Subjects 102 
were also familiarised with the tsDCS intervention and VCJ protocol and were given the 103 
opportunity to practice VCJ performance. 104 
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Vertical countermovement jump   105 
Standing on an instrumented platform (detailed below), participants performed sets of 5 106 
maximal effort VCJs immediately prior to and at 0, 20, 60, and 180 minutes after application 107 
of sham or active anodal tsDCS (25 VCJs per test session, 50 VCJs in total).  Rest periods of 108 
20 seconds were given between each VCJ effort, approximating to a 1:20 work to rest ratio. 109 
This was determined to be sufficient to regenerate the immediate ATP phosphocreatine 110 
energy system between each VCJ and to avoid peripheral muscle fatigue effects.   Each of the 111 
five VCJ sets were preceded with a moderately paced 2 min warm up comprising stepping on 112 
and off a 15 cm stepper (Reebok, Adidas, Herzogenaurach, Germany).   Participants were 113 
instructed to jump with maximal effort and to use a consistent jump technique throughout. 114 
Volunteers initiated their VCJ with a downward countermovement from a standing position 115 
and, using their arms for leverage, jumped up from the force plate with maximal effort. See 116 
Fig 1 and S1 Video  117 
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Fig 1.  Net vertical ground reaction force (GRF), power and velocity time curves during 118 
a representative trial of a vertical countermovement jump (VCJ).  The countermovement 119 
(CM) phase of the VCJ (A²E) starts with a short period of unweighting (A²B). Lower limb 120 
muscles activate to brake as the body accelerates downwards (B²C) and GRF returns to zero 121 
at peak downwards velocity (C). The arms raise backwards, as the body decelerates (C²E) 122 
to a momentary halt at transition point (E) where velocity and power have returned to zero.  123 
The push-off phase of the jump is immediately initiated as the body segments extend and 124 
accelerate upwards to take-off (E²G), which occurs shortly after peak power and velocity 125 
have been reached respectively and the GRF curve returns to zero. 126 
Data collection 127 
Vertical ground reaction forces (GRF) were recorded using a force plate (Kistler Type 9865, 128 
Kistler Instrumente AG, Winterthur, Switzerland) connected to a Vicon Data Station 612 129 
(Vicon Motion Systems, Oxford Metrics LTDA, Oxford, UK) using 9LFRQ¶VSURSULHWDU\130 
software: Nexus version 1.8.5. GRF was sampled and recorded at 1 kHz.  Data were initially 131 
processed offline using Microsoft Excel 2010: GRF values were filtered using a 2nd order 132 
low pass Butterworth filter, with a cut off frequency of 50Hz.  Instantaneous impulse (Ns), 133 
velocity (V), and power relative to body mass :ÂNJ-1), were calculated from the filtered 134 
GRF data, from when the jumper was stationary through to the instant of take-off, using the 135 
following equations: 136 
௦ܰ ൌ ܩܴܨ௧ଶ െ ܩܴܨ௧ଵʹܺ ෍൫ሺ ௪ܰ െ ܩܴܨ௧ା௞ሻ ൅ ሺ ௪ܰ െ ܩܴܨ௧ሻ൯௑௞ୀଵ  137 
ݒ ൌ ௦ܰܰ௠ 138 ݓ ൌ ܩܴܨ௧ ൈ ݒܰ௠  139 
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Where: Ns = Impulse in Newtons, GRFt = Vertical ground reaction force in Newtons at time, 140 
in seconds t; t1 = time at start of the jump; t2 = time at end of the jump; Nw = Body weight in 141 
Newtons; v= velocity in mÂsec-1; w = normalised instantaneous power in WÂKg-1. 142 
Outcome variables.   143 
To provide a comprehensive analysis of performance, 12 VCJ performance outcome 144 
variables [16, 19] (detailed in Table 1) were determined at key points during the VCJ.  These 145 
included the unweighting and braking phases of countermovement (CM), transition point, 146 
and the push-off phase of the VCJ, as illustrated in Fig 1 and detailed in Table 1. Table 1 also 147 
provides average baseline values for each measurement.   148 
Table 1. Vertical countermovement jump (VCJ) phases, outcome variables and baseline raw 149 
values for each. 150 
 Pre-tsDCS Unweighting     Braking Transition Push-off 
 Mean ± SD   A²B B²E E E²G  
Unweighting GRF (NÂkg-1) 5.8 ± 1.6 GRF    
CM velocity (mÂs-1) 1.1 ± 0.2 peak velocity   
CM power (WÂkg-1) 14.6 ± 4.0 peak power   
CM displacement (cm) 33.1 ± 6.5 Vertical displacement   
Transition GRF (NÂkg-1) 10.2 ± 4.2  GRF  
Push-off  GRF (NÂkg-1) 12.9 ± 3.7   peak GRF 
Push-off velocity (mÂs-1) 2.6 ± 0.2   peak velocity 
Push-off power (WÂkg-1) 48.4 ± 6.2   peak power 
Push-off work done (JÂkg-1) 7.4 ± 0.9   work done 
Peak to peak power  (WÂkg-1) 63.0 ± 9.1 peak to peak power 
Total work done (JÂkg-1) 10.7 ± 1.4 total work done 
Take-off velocity (mÂs-1) 2.4 ± 0.2 final velocity 
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Variables of interest during each phase of the vertical countermovement jump (VCJ). Phases 151 
A²G are illustrated and described in Fig 1. Data are mean ± SD for all raw pre-tsDCS 152 
values: CM; countermovement, GRF; vertical ground reaction force calculated net of 153 
bodyweight, Velocity and power were calculated from the integral of the GRF ± time curve 154 
and the velocity ± time curve. Vertical displacement and work done were calculated as the 155 
areas under the velocity and power curves respectively.156 
 157 
The filtered data were imported into Spike2 v 8 software (Cambridge Electronic Design Ltd, 158 
Cambridge, UK) for ease of visualisation and further signal processing through a customised 159 
software script where the areas under the velocity - time, and power - time curves were 160 
calculated to determine vertical displacement and work done during each VCJ phase.  Work 161 
done was normalised to body mass.  During CM, changes in vertical displacement and work 162 
done were equivalent, therefore only data for changes in vertical displacement are presented 163 
here.  Peak values for each variable were determined as the maximum positive or negative 164 
value achieved during each phase. Unweighting was determined as the maximum negative 165 
GRF value during CM (B, Fig 1). All negative values were inverted. Transition GRF was 166 
determined at the end of CM where downward velocity had returned to zero (E, Fig 1). For 167 
each of the 12 variables, the average value over all 5 VCJ efforts within each set was used for 168 
analysis. 169 
tsDCS intervention 170 
Electrode montage.   171 
A pair of commercially available stainless steel knit fabric self-adhesive 3 x 5 cm electrodes 172 
(Pals, Axelgaard, Lystrup, Denmark) were placed on the skin 0.5 cm paravertabrally and 173 
centrally over the T11 and T12 vertebrae thereby overlying the lumbosacral enlargement. 174 
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This electrode pair was coupled together to function as one active 30 cm² electrode. A second 175 
pair of 7.5 x 13 cm electrodes, coupled to function as one 195 cm² dispersive electrode 176 
(Valutrode, Axelgaard, Lystrup, Denmark), was placed longitudinally on the abdomen at 177 
each side of the umbilicus [20] (Fig 2).  178 
Fig 2.  Electrode montage for tsDCS.  The bifurcated anode (red) is placed centrally and 179 
paravertebrally over T11, T12 thoracic vertebrae and the bifurcated cathode (black) is placed 180 
centrally and lateral to the umbilicus. 2.5 mA of anodal direct current was applied for 15 181 
minutes, providing 0.0833 mA/cm² current density and 0.075 C/cm² of total current applied. 182 
 183 
This trans-abdominal electrode montage conforms with layouts identified through computer 184 
modelling as delivering a higher, more focused current density over the lumbosacral cord 185 
when compared to the more common spine to shoulder or arm tsDCS montages used in 186 
previous human tsDCS studies [21].   Electrode positions were photographed and reproduced 187 
for each test session. The use of self-adhesive conductive fabric electrodes for tsDCS 188 
application allowed subjects to perform VCJs without restriction or discomfort.   189 
The order and delivery of sham and active tsDCS were randomised and double blinded, with 190 
stimulator codes being allocated to each condition and subject prior to the start of the study 191 
by an independent researcher.  Participants lay supine on a comfortable treatment couch 192 
during stimulation and were instructed to lie quietly throughout. Polarization was achieved 193 
through 15 min of 2.5 mA anodal tsDCS (the polarity was determined by the paravertebral 194 
electrode, see Fig 2) delivered using a DC stimulator (NeuroConn, Ilmenau, Germany). This 195 
provided a current density of 0.0833 mA/cm², and total delivered current of 0.075 C/cm² 196 
which is a common tsDCS current paradigm and well below the threshold for potential tissue 197 
damage [6, 22].   198 
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For both sham and active tsDCS, stimulation was ramped up from 0 to 2.5 mA over a 10 s 199 
period and similarly ramped down after 900 s to minimise sensation at onset and offset of 200 
stimulation. The stimulator sham tsDCS mode LQEXLOWµ6WXG\0RGH¶SURWRFROmaintained 201 
the 2.5 mA current for only 30 seconds and was then followed by 110 µA pulses applied for 202 
15 ms every 550 ms thereafter, corresponding to a mean current of 1.7 µA.  This provided 203 
similar skin sensations to those felt during active stimulation, but with negligible biological 204 
effects [1].  205 
Data analysis 206 
All data were calculated and analysed as ratios to pre-tsDCS baseline values (ǻ). For 207 
simplicity, results are described as percentage values rather than ratios.  Significance was 208 
determined at P  0.05.  The data are the results of a pilot study, and therefore power and 209 
sample size were not determined a priori.  Instead the effect size, d, was calculated post hoc 210 
for significant main effects [23].  Statistical analyses were performed using Minitab (version 211 
17.0, Minitab, State College, PA, USA). 212 
Our hypothesis was that ȴ VCJ performance would differ between sham and active tsDCS 213 
and that these changes would increase or decrease following each subsequent, additional set 214 
of VCJs performed within a 180 min period post-stimulation.  To test this we performed a 215 
general linear mixed model ANOVA with each of the 12 dependent ȴ VCJ variables [24]. 216 
Controlling for random subject variation, anodal tsDCS condition (sham 0 or active 1) and 217 
time of post-tsDCS VCJ repeat (0, 20, 60 and 180 min) were the independent factors and 218 
included a tsDCS condition by time interactive term.  We tested all data for normality of 219 
distribution (Anderson-Darling) before analysis and, where necessary, transformed the data 220 
using a Johnson transformation.  When differences were significant, post hoc comparisons 221 
(Tukey method) were performed to quantify these differences and the substantive effect size 222 
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[25] was determined from this E\FDOFXODWLQJ&RKHQ¶Vd [23].  We then used t-tests to 223 
determine the magnitude and direction of these changes relative to baseline.  224 
Results 225 
Participants reported that they were not able to recognise the difference between application 226 
of sham or anodal tsDCS.  Perception of the stimulation was limited to some participants 227 
being aware of a slight itching or tingling below the electrodes. In some instances mild 228 
reddening of the skin occurred below the electrodes but this was only apparent at the end of 229 
the test session and quickly resolved after the electrodes had been removed.  230 
For 7 of the 12 ȴVCJ performance parameters, there was a significant main effect of tsDCS 231 
(sham 0 vs active 1) and this effect was irrespective when the VCJ sets were repeated post-232 
sham and anodal tsDCS, or of individual variability in response to stimulation (see Fig 3 and 233 
Table 2).   For these 7 ȴVCJ performance parameters, the substantive effect of tsDCS, 234 
determined by effect size [25], was largest for the differences in changes in CM velocity, 235 
followed by changes in peak to peak power, CM power, total work, CM displacement and 236 
push-off work, all with moderate effects. The smallest significant effect was on change in 237 
take-off velocity (Table 3). 238 
Fig 3. Mean change relative to baseline in VCJ performance after sham and active 239 
anodal tsDCS.  Data are the mean ratios to pre-tsDCS values and 95% CIs for 12 subjects 240 
pooled over all four repeated VCJ sets (0²180 min), post-sham (0) and active (1) tsDCS 241 
stimulation. Significant differences between sham and active tsDCS are indicated on the X 242 
axis.  Mean changes were different from baseline where the 95% CI did not cross the red 243 
dotted line (baseline value, 1.00). Significance was indicated as: *P P DQG244 
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***P .0.001. CM; countermovement, disp; downward vertical displacement, GRF; vertical 245 
ground reaction force, PO; push-off, P to P; peak to peak, trans; transition, unweight; 246 
unweighting. 247 
Table 2.  Outcome from general linear mixed model ANOVA. 248 
  tsDCS time tsDCS*time Subject  
 DF: error 72 1 3 3 11 
unweighting GRF F 2.62   0.37 0.75 1.23 
P 0.110 0.778 0.528 0.284 
CM velocity F 9.62 0.66 1.25 3.09 
P 0.003 0.578 0.300 0.002 
CM power F 11.33 0.65 1.62 3.45 
 P 0.001 0.586 0.193 0.001 
CM displacement F 12.38 0.30 0.85 3.33 
 P 0.001 0.826 0.469 0.001 
Transition GRF F 0.02 0.78 0.62 5.47 
 P 0.900 0.511 0.606 0.000 
Push-off GRF F 0.86 0.50 0.34 9.59 
 P 0.356 0.685 0.799 0.000 
Push-off velocity F 2.85 0.41 0.33 3.9 
 P 0.096 0.746 0.803 0.000 
Push-off power F 1.74 0.41 0.48 5.76 
 P 0.191 0.750 0.700 0.000 
Push-off work F 8.49 0.12 0.19 2.50 
P 0.005 0.950 0.950 0.010 
Peak to peak power F 16.88 0.21 1.00 3.93 
P 0.000 0.891 0.400 0.000 
Total work F 12.95 0.14 0.29 2.12 
14 
 
P 0.001 0.938 0.836 0.029 
Take-off velocity F 4.48 0.45 0.34 3.27 
 P 0.038 0.718 0.800 0.001 
N = 12, numerator degrees of freedom (DF) are given below each main effect and interaction 249 
term.  Denominator DF is the error, 72.  The F-ratio (F) and P-values (P) are given for each 250 
of the 12 ȴVCJ performance dependent variables. CM; countermovement, GRF; vertical ground 251 
reaction force net of bodyweight. Time refers to the time at which each set of VCJs were 252 
successively repeated post-sham and active anodal tsDCS. 253 
 254 
Table 3.  Substantive effects of tsDCS on changes in VCJ performance outcomes between 255 
sham and active tsDCS. 256 
 Active ȴ Sham ȴ Diff. 95% CI P d Effect size 
CM velocity 3.3% - 2.7% 6.0% 2.5, 9.5 0.003 1.94 Large 
CM power 6.7% - 4.4% 11.1% 5.8, 16.5 0.001 0.69 Medium 
CM displacement 2.9% - 3.1% 6.0% 2.6, 9.4 0.001 0.63 Medium 
Push-off work 1.6% - 2.0% 3.6% 1.2, 6.1 0.005 0.55 Medium 
Peak to peak power 1.3% - 2.3% 3.6% 2.0, 5.2 0.000 0.76 Medium 
Total work 2.0% - 2.5% 4.4% 2.0, 6.9 0.001 0.68 Medium 
Take-off velocity 0.0% - 1.3% 1.4% 0.0, 2.8 0.038 0.39 Small 
The difference (Diff.) in mean change (ȴ ? in VCJ determined between sham and active tsDCS 257 
from post hoc Tukey tests. (See Fig 3 for 95% CIs of mean changes). Effect sizes, d were 258 
calculated according to Cohen [23]. Significance at P  0.05. 259 
The effects of tsDCS were manifest post-sham as an overall fatigue in VCJ performance, 260 
evidenced by significant reductions from baseline in CM velocity (t (47) = -2.87, P = 0.006), 261 
peak to peak power (t (47) = -4.76, P < 0.001), CM power (t (47) = -3.49, P = 0.001), total 262 
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work done (t (47) = -2.99, P = 0.004), CM vertical displacement/work done ( t (47) = -2.27, P 263 
= 0.028), push-off work done ( t (47) = -2.52, P = 0.015), and take-off velocity ( t (47) = -264 
3.13, P = 0.003) (Fig 3 and Table 3).  In addition, although not statistically different from 265 
changes observed after anodal tsDCS, there was a clear fatigue in push-off velocity (t (47) = -266 
2.36, P = 0.022) and push-off power (t (47) = -2.61, P = 0.012) relative to baseline value (Fig 267 
3). 268 
Importantly, there was no evidence of short term within-set performance fatigue after either 269 
sham or active tsDCS: the VCJ with the highest peak to peak power in each set of 5 VCJs 270 
was evenly distributed across each of the five efforts: during sham tsDCS, the second and 271 
fourth efforts of each set were most commonly the highest value and during active tsDCS, the 272 
fifth effort in each set was most commonly the highest (Fig 4).   273 
Fig 4.  VCJ effort with the highest peak to peak power during each set of 5 maximal 274 
VCJ efforts.  Over all 12 subjects and all test sessions, the best VCJ effort, determined as the 275 
VCJ with the highest peak to peak power was most frequently achieved during the second 276 
and fourth attempts in the sham tsDCS session and the fifth attempt during the active tsDCS 277 
session. 278 
In response to active anodal tsDCS, there was a preservation of VCJ performance, evidenced 279 
by a maintenance in CM velocity (t (47) = 1.85, P = 0.070), peak to peak power (t (47) = 280 
1.67, P = 0.101), push-off work (t (47) = 1.58, P = 0.121), and take-off velocity (t (47) = 281 
0.18, P = 0.855) at baseline value.  Interestingly, there was also a post-anodal tsDCS increase 282 
in CM power (t (47) = 2.26, P = 0.028), CM displacement/work done (t (47) = 2.18, P = 283 
0.034) and total work done (t (47) = 2.01, P = 0.050) above baseline (Fig 3 and Table 3).  In 284 
addition, although not statistically different to changes after sham tsDCS, there was also an 285 
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increase in unweighting GRF (t (47) = 2.39, P = 0.021 ) and push-off GRF (t (47) = 3.10, P = 286 
0.003) above baseline value after active anodal tsDCS (Fig 3). 287 
As illustrated in Fig 5, there was no main effect of VCJ performance time on changes in all 288 
12 VCJ performance parameters, and no significant interaction between tsDCS condition and 289 
time (Table 2 and Fig 5).  This tells us that the changes in VCJ performance that occurred 290 
after both sham and active tsDCS conditions were stable from the first set of VCJs performed 291 
immediately following tsDCS until the final set performed 180 min later.  In addition, 292 
although the mean changes in VCJ performance differed between tsDCS conditions, there 293 
was significant variation between individual subjects in their response to tsDCS for 11 of the 294 
12 ȴVCJ performance outcomes (Table 2). This tells us that there were important factors that 295 
led to differences in responsiveness to tsDCS between individual participants that we have 296 
not accounted for here. 297 
Fig 5.  Changes relative to baseline in 12 VCJ performance outcomes performed at four 298 
successive time points following sham and active tsDCS.  Data were calculated as ratios to 299 
pre-tsDCS values, indicated by the red dotted horizontal line at 1, for four successive VCJ 300 
sets repeated from 0²180 min following sham (0) and active (1) tsDCS stimulation.  301 
Changes in all 12 VCJ performance outcomes were stable over time post-tsDCS (P > 0.05).   302 
Discussion 303 
The aim of this study was to examine the effect of 15 min of sham and active tsDCS on VCJ 304 
performance over a period of three hours. Our results provide the first evidence of anodal 305 
tsDCS exerting a sustained influence on whole body motor power during the repeated 306 
performance of an explosive gross motor task in healthy subjects.  307 
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The results presented here demonstrate a clear difference in the magnitude and direction of 308 
changes in VCJ performance after sham and active anodal tsDCS.  The key finding of this 309 
study is that, after sham tsDCS there was a fatigue in VCJ performance apparent over a wide 310 
range of outcome measures that was prevented following 15 minutes of 2.5 mA anodal 311 
tsDCS conditioning. These changes in performance did not vary significantly over the entire 312 
180 minute test period. This infers that for sham tsDCS, the fatigue process was perpetuated 313 
by each subsequent VCJ set performed, whereas anodal tsDCS was able to prevent this 314 
fatigue process from engaging at any point over the repeated VCJ sets. However, at the 315 
present time, and without the benefit of further detailed physiological investigation, we are 316 
unable to state which specific physiological and neuroplastic mechanisms were influenced by 317 
anodal tsDCS and therefore can only speculate here based on our observations and the 318 
neurophysiological findings of previous tsDCS studies.  319 
Performing repeated maximal effort whole body exercise, leads to central fatigue that 320 
diminishes performance output [26, 27]. Repeated performance of stretch-shorten types of 321 
exercise also leads to long lasting muscular and neuromuscular fatigue, due, in part, to a 322 
combination of eccentric muscle tissue damage, reduced reflex sensitivity and reduced gain 323 
in spinal circuitry [26, 28].  The VCJs performed here comprised of repeated cycles of 324 
maximal extensor muscle stretch-shortening during the CM, push-off and landing phases of 325 
the jump.   However, performance within each VCJ set (5 maximal effort jumps performed 326 
within an approximate 1 minute time window) did not deteriorate from the first to the fifth 327 
repetition (Fig 4) and so it is unlikely that peripheral muscular effects were a significant 328 
contributing factor.  Accordingly, it seems appropriate to propose that the fatigue observed in 329 
VCJ performance post-sham tsDCS condition is of central origin and that it outlasted the 180 330 
minute test period. 331 
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The lasting fatigue protection after anodal tsDCS may be due to multiple factors.  Localised 332 
anodal tsDCS-induced tissue effects may arise during stimulation, but are most likely to 333 
influence the paraspinal muscles directly below the stimulating electrodes.  Local effects 334 
could include an increased local blood flow, changes in metabolism, temperature and 335 
potentially alterations in biomechanical properties such as elasticity and stiffness. However, 336 
such effects would be transitory and short-lived, persisting for only 8²10 minutes post- 337 
stimulation [29]. Accordingly, it would be difficult to envisage how such changes could 338 
affect VCJ performance across the 180 minutes post-stimulation assessment period.  It is 339 
more likely that anodal tsDCS exerted modulatory effects on central fatigue mechanisms. 340 
The sustained fatigue in CM performance observed here after sham tsDCS, evidenced by 341 
reductions in CM downward displacement and power, was not only abolished after active 342 
tsDCS, but CM performance was considerably enhanced. This would suggest that tsDCS 343 
exerted effects on central mechanisms affecting the development of a fatigued state as well as 344 
potentiating motor output.  The CM and landing phases of the VCJ are dominated by 345 
powerful eccentric contractions of leg extensor muscles.  Interestingly, Duchateau & Enoka 346 
[30] recently observed that spinal and corticospinal excitability is reduced during eccentric 347 
muscle activity, regardless of the degree of tension produced, highlighting the role of central 348 
inhibitory, protective mechanisms in the control of eccentric lengthening contractions.  The 349 
protection against fatigue and the greater potentiation of power observed during the 350 
predominantly eccentric CM phase, compared to the push-off phase following anodal tsDCS 351 
is then worthy of further study as it may highlight differential modulatory actions on the 352 
inhibitory mechanisms proposed by Duchateau & Enoka [30] to be involved in the regulation 353 
of eccentric contractions and ultimately motor unit excitability.   354 
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Recent research investigating the effects of tcDCS on steady state cycling endurance found 355 
that anodal stimulation attenuated central fatigue mechanisms and allowed cyclists to 356 
increase their time to exhaustion [31].  Similar to the effects of tcDCS on supraspinal fatigue 357 
mechanisms, it appears that anodal tsDCS interferes with the regulatory actions that spinal 358 
circuits have on motor unit excitability and eccentric contraction fatigue.  The 359 
neuromodulatory effects of direct current on central fatigue processes, highlight the need to 360 
account for, and perhaps exploit, these mechanisms in future neuromodulation studies.   361 
The fatigue protection effects of anodal tsDCS on push-off performance may be also be 362 
explained by the permissive effects of tsDCS on CM performance.  The likely effect of 363 
anodal tsDCS on eccentric inhibitory mechanisms and motor unit excitability would be 364 
unimpeded eccentric extensor lengthening [30]. This would increase downward velocity, 365 
displacement and muscle force development, and result in increased CM braking power, 366 
transition and push-off GRF, as the body is brought to a halt briefly prior to extending 367 
upwards from its lower position to take-off.  Our findings post-anodal tsDCS are consistent 368 
with this observation. Improved coupling of body segment accelerations during 369 
countermovement may also contribute to the increase in these performance parameters and 370 
therefore cannot be discounted [15].   371 
Although the mechanisms have not yet been fully elucidated, non-invasive anodal tsDCS can 372 
be predicted to lead to changes in spinal excitability via alterations in sensory axon 373 
excitability, inter-neuronal excitatory and inhibitory bias, and in communications between 374 
spinal cord segments [12].  Studies in humans [32] and animals [9, 10] suggest that the 375 
polarizing effects of direct current change the biophysical properties of the neural 376 
membranes, causing lasting changes in excitability.  Depending on the current density and 377 
distribution within the tissues of the spinal cord, populations of interneurons will be affected 378 
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differentially due to their spatial location, geometry and background level of activity [9, 10].  379 
By studying a repeated whole body exercise, our observations point to a complex but positive 380 
interaction of tsDCS neuromodulatory effects. Our observations highlight the value of 381 
studying natural unconstrained functional motor tasks in contrast to more standard 382 
approaches, such as isometric muscle strength testing. The tsDCS effect is not uniform across 383 
the different phases of the VCJ and further investigations may allow us to further explore 384 
how alterations in spinal excitability affect motor control, motor unit recruitment and 385 
interlimb coordination during voluntary functional movement.  386 
Individuals vary significantly in their response to tcDCS [33] and the participants in this 387 
study varied significantly in their responses to anodal tsDCS (Table 2).  This may have been 388 
due to individual differences in somatotype, physical conditioning level and the level of 389 
effective current reaching neural compartments due to differences in body composition. 390 
However, an important genetic source of variation in response to direct current stimulation 391 
has recently been identified.  A key mediator and promoter of activity-dependent 392 
neuroplasticity after physical activity [34-36] or direct current stimulation [37] is brain-393 
derived neurotrophic factor (BDNF).  Carriers of a common BDNF single nucleotide 394 
polymorphism (Met SNP; rs6265) have a reduced capacity for activity-dependent BDNF 395 
secretion [38] and have significantly different neuroplastic responses to tcDCS [37] and 396 
tsDCS [36] compared to those with the more common BDNF genotype . This may explain 397 
some of the unknown variability in our subjects and highlights the need to take account of 398 
such genetic factors as significant sources of variation in future neuromodulation studies [33].   399 
This exploratory study was limited in that it was a preliminary observation study only.  400 
Further tsDCS investigation is merited using larger sample sizes to replicate these findings 401 
and elucidate the neurophysiological, biomechanical and genetic mechanisms underlying the 402 
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lasting changes in neuromotor function.  Further study would also help determine the 403 
potential neurorehabilitation benefits of anodal tsDCS for those with sporting injury or 404 
central nervous system injury that affects mobility, and possibly for falls prevention in the 405 
older adult.  Indeed, the use of spinal rather than transcranial direct current stimulation, 406 
minimises the chances of unknown effects due to concurrent stimulation of brain areas 407 
unrelated to the targeted motor task. Studies including repeated tsDCS application with 408 
homogenous groups of well-trained endurance and power athletes are also merited. These 409 
may help elucidate more specific neuromuscular mechanisms underlying tsDCS effects and 410 
whether effects are additive or have a ceiling in performance gain.  It should be noted that 411 
although none of our participants sustained any injury during this study, given the effect of 412 
tsDCS on protective fatigue mechanisms, the risk of injury in maximal eccentric exercise 413 
after tsDCS may be increased.   414 
Conclusion 415 
In conclusion, using a double-blind, randomized, crossover sham-controlled study design, we 416 
have demonstrated for the first time that anodal tsDCS can induce lasting fatigue-resistance 417 
and maintain and enhance different aspects of whole body motor performance over time. 418 
Anodal tsDCS appears to have created a permissive state in spinal circuits where a lasting 419 
resistance to central fatigue was combined with varying degrees of multisegmental 420 
facilitatory, and neuroplastic effects to maintain and enhance different aspects of VCJ 421 
performance.  The effects persisted for at least 3 hours and were achieved after one 15 422 
application of easy to administer, comfortable anodal tsDCS stimulation and in the absence of 423 
a physical training intervention. These effects have immensely important implications for 424 
power endurance sport performance or sports in which there is high level of repeated reactive 425 
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rebound activity. The lasting effects of anodal tsDCS on neuromotor circuits may also have 426 
important implications for falls prevention or rehabilitation after central nervous system 427 
injury.  428 
Acknowledgements 429 
We would like to acknowledge Mr Fergus Morison and Dr Catherine Macleod for their 430 
contribution to initial study design, Dr Euan McCaughey for his assistance in VCJ data 431 
collection and initial data processing.  432 
References 433 
1. Winkler T, Hering P, Straube A. Spinal DC stimulation in humans modulates post-434 
activation depression of the H-reflex depending on current polarity. Clinical neurophysiology 435 
: official journal of the International Federation of Clinical Neurophysiology. 436 
2010;121(6):957-61. doi: 10.1016/j.clinph.2010.01.014. PubMed PMID: 20153248. 437 
2. Hubli M, Dietz V, Schrafl-Altermatt M, Bolliger M. Modulation of spinal neuronal 438 
excitability by spinal direct currents and locomotion after spinal cord injury. Clinical 439 
Neurophysiology. 2013;124(6):1187-95. doi: 10.1016/j.clinph.2012.11.021. PubMed PMID: 440 
WOS:000319041600020. 441 
3. Lamy JC, Ho C, Badel A, Arrigo RT, Boakye M. Modulation of soleus H reflex by 442 
spinal DC stimulation in humans. J Neurophysiol. 2012;108(3):906-14. Epub 2012/05/25. 443 
doi: 10.1152/jn.10898.2011. PubMed PMID: 22623482. 444 
4. Cogiamanian F, Vergari M, Schiaffi E, Marceglia S, Ardolino G, Barbieri S, et al. 445 
Transcutaneous spinal cord direct current stimulation inhibits the lower limb nociceptive 446 
flexion reflex in human beings. Pain. 2011;152(2):370-5. Epub 2010/12/17. doi: 447 
10.1016/j.pain.2010.10.041. PubMed PMID: 21159430. 448 
5. Lim CY, Shin HI. Noninvasive DC stimulation on neck changes MEP. Neuroreport. 449 
2011;22(16):819-23. doi: 10.1097/WNR.0b013e32834b939d. PubMed PMID: 21915075. 450 
6. Cogiamanian F, Vergari M, Pulecchi F, Marceglia S, Priori A. Effect of spinal 451 
transcutaneous direct current stimulation on somatosensory evoked potentials in humans. 452 
Clinical neurophysiology : official journal of the International Federation of Clinical 453 
Neurophysiology. 2008;119(11):2636-40. Epub 2008/09/13. doi: 454 
10.1016/j.clinph.2008.07.249. PubMed PMID: 18786856. 455 
7. Aguilar J, Pulecchi F, Dilena R, Oliviero A, Priori A, Foffani G. Spinal direct current 456 
stimulation modulates the activity of gracile nucleus and primary somatosensory cortex in 457 
anaesthetized rats. The Journal of physiology. 2011;589(Pt 20):4981-96. doi: 458 
10.1113/jphysiol.2011.214189. PubMed PMID: 21825031; PubMed Central PMCID: 459 
PMC3224887. 460 
23 
 
8. Song W, Truong DQ, Bikson M, Martin JH. Transspinal direct current stimulation 461 
immediately modifies motor cortex sensorimotor maps. J Neurophysiol. 2015;113(7):2801-462 
11. Epub 2015/02/13. doi: 10.1152/jn.00784.2014. PubMed PMID: 25673738; PubMed 463 
Central PMCID: PMCPMC4416633. 464 
9. Ahmed Z. Trans-spinal direct current stimulation modulates motor cortex-induced 465 
muscle contraction in mice. J Appl Physiol 2011;110(5):1414-24. doi: 466 
10.1152/japplphysiol.01390.2010. PubMed PMID: 21350028. 467 
10. Ahmed Z. Modulation of gamma and alpha spinal motor neurons activity by trans-468 
spinal direct current stimulation: effects on reflexive actions and locomotor activity. Physiol 469 
Rep. 2016;4(3). doi: 10.14814/phy2.12696. PubMed PMID: 26869682; PubMed Central 470 
PMCID: PMCPMC4758926. 471 
11. Nitsche MA, Paulus W. Excitability changes induced in the human motor cortex by 472 
weak transcranial direct current stimulation. The Journal of physiology. 2000;527 Pt 3:633-9. 473 
PubMed PMID: 10990547; PubMed Central PMCID: PMC2270099. 474 
12. Cogiamanian F, Ardolino G, Vergari M, Ferrucci R, Ciocca M, Scelzo E, et al. 475 
Transcutaneous spinal direct current stimulation. Frontiers in psychiatry. 2012;3:63. Epub 476 
2012/07/12. doi: 10.3389/fpsyt.2012.00063. PubMed PMID: 22783208; PubMed Central 477 
PMCID: PMCPMC3389353. 478 
13. Wolpaw JR, Tennissen AM. Activity-dependent spinal cord plasticity in health and 479 
disease. Annu Rev Neurosci. 2001;24:807-43. doi: 10.1146/annurev.neuro.24.1.807. PubMed 480 
PMID: 11520919. 481 
14. Dayan E, Cohen LG. Neuroplasticity subserving motor skill learning. Neuron. 482 
2011;72(3):443-54. doi: 10.1016/j.neuron.2011.10.008. PubMed PMID: PMC3217208. 483 
15. Gutierrez-Davila M, Amaro FJ, Garrido JM, Javier Rojas F. An analysis of two styles 484 
of arm action in the vertical countermovement jump. Sports Biomech. 2014;13(2):135-43. 485 
doi: 10.1080/14763141.2014.910832. PubMed PMID: 25122998. 486 
16. Harman EA, Rosenstein MT, Frykman PN, Rosenstein RM. The effects of arms and 487 
countermovement on vertical jumping. Med Sci Sports Exerc. 1990;22(6):825-33. PubMed 488 
PMID: 2287261. 489 
17. Claudino JG, Cronin J, Mezêncio B, McMaster DT, McGuigan M, Tricoli V, et al. 490 
The countermovement jump to monitor neuromuscular status: A meta-analysis. Journal of 491 
Science and Medicine in Sport. doi: http://dx.doi.org/10.1016/j.jsams.2016.08.011. 492 
18. Linthorne NP. Analysis of standing vertical jumps using a force platform. Am J Phys. 493 
2001;69(11):1198-204. doi: Doi 10.1119/1.1397460. PubMed PMID: 494 
WOS:000171697100017. 495 
19. Cormie P, McBride JM, McCaulley GO. Power-time, force-time, and velocity-time 496 
curve analysis of the countermovement jump: impact of training. Journal of strength and 497 
conditioning research / National Strength & Conditioning Association. 2009;23(1):177-86. 498 
doi: 10.1519/JSC.0b013e3181889324. PubMed PMID: 19077740. 499 
20. Minassian K, Persy I, Rattay F, Dimitrijevic MR, Hofer C, Kern H. Posterior root-500 
muscle reflexes elicited by transcutaneous stimulation of the human lumbosacral cord. 501 
Muscle & Nerve. 2007;35(3):327-36. doi: 10.1002/mus.20700. PubMed PMID: 502 
WOS:000244723600006. 503 
21. Parazzini M, Fiocchi S, Liorni I, Rossi E, Cogiamanian F, Vergari M, et al. Modeling 504 
the current density generated by transcutaneous spinal direct current stimulation (tsDCS). 505 
Clinical neurophysiology : official journal of the International Federation of Clinical 506 
Neurophysiology. 2014;125(11):2260-70. doi: 10.1016/j.clinph.2014.02.027. PubMed PMID: 507 
24784477. 508 
24 
 
22. McCreery DB, Agnew WF, Yuen TG, Bullara L. Charge density and charge per phase 509 
as cofactors in neural injury induced by electrical stimulation. IEEE Trans Biomed Eng. 510 
1990;37(10):996-1001. PubMed PMID: 2249872. 511 
23. Cohen J. A power primer. Psychol Bull. 1992;112(1):155-9. PubMed PMID: 512 
19565683. 513 
24. McCulloch CE, Neuhaus JM. Generalized Linear Mixed Models.  Encyclopedia of 514 
Biostatistics: John Wiley & Sons, Ltd; 2005. 515 
25. Sullivan GM, Feinn R. Using Effect Size²or Why the P Value Is Not Enough. 516 
Journal of Graduate Medical Education. 2012;4(3):279-82. doi: 10.4300/JGME-D-12-517 
00156.1. PubMed PMID: PMC3444174. 518 
26. Gandevia SC. Spinal and supraspinal factors in human muscle fatigue. Physiological 519 
reviews. 2001;81(4):1725-89. PubMed PMID: 11581501. 520 
27. Noakes TD, St Clair Gibson A, Lambert EV. From catastrophe to complexity: a novel 521 
model of integrative central neural regulation of effort and fatigue during exercise in humans: 522 
summary and conclusions. Br J Sports Med. 2005;39(2):120-4. doi: 523 
10.1136/bjsm.2003.010330. PubMed PMID: 15665213; PubMed Central PMCID: 524 
PMCPMC1725112. 525 
28. Komi PV. Stretch-shortening cycle: a powerful model to study normal and fatigued 526 
muscle. J Biomech. 2000;33(10):1197-206. PubMed PMID: 10899328. 527 
29. Merzagora AC, Foffani G, Panyavin I, Mordillo-Mateos L, Aguilar J, Onaral B, et al. 528 
Prefrontal hemodynamic changes produced by anodal direct current stimulation. Neuroimage. 529 
2010;49(3):2304-10. Epub 2009/10/27. doi: 10.1016/j.neuroimage.2009.10.044. PubMed 530 
PMID: 19853048. 531 
30. Duchateau J, Enoka RM. Neural control of lengthening contractions. J Exp Biol. 532 
2016;219(Pt 2):197-204. doi: 10.1242/jeb.123158. PubMed PMID: 26792331. 533 
31. Vitor-Costa M, Okuno NM, Bortolotti H, Bertollo M, Boggio PS, Fregni F, et al. 534 
Improving Cycling Performance: Transcranial Direct Current Stimulation Increases Time to 535 
Exhaustion in Cycling. PloS one. 2015;10(12):e0144916. doi: 10.1371/journal.pone.0144916. 536 
32. Stagg CJ, Nitsche MA. Physiological basis of transcranial direct current stimulation. 537 
The Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry. 538 
2011;17(1):37-53. doi: 10.1177/1073858410386614. PubMed PMID: 21343407. 539 
33. Wiethoff S, Hamada M, Rothwell JC. Variability in response to transcranial direct 540 
current stimulation of the motor cortex. Brain stimulation. 2014;7(3):468-75. Epub 541 
2014/03/19. doi: 10.1016/j.brs.2014.02.003. PubMed PMID: 24630848. 542 
34. Gomez-Pinilla F, Huie JR, Ying Z, Ferguson AR, Crown ED, Baumbauer KM, et al. 543 
BDNF and learning: Evidence that instrumental training promotes learning within the spinal 544 
cord by up-regulating BDNF expression. Neuroscience. 2007;148(4):893-906. doi: 545 
10.1016/j.neuroscience.2007.05.051. PubMed PMID: 17719180; PubMed Central PMCID: 546 
PMCPMC3225191. 547 
35. Vaynman S, Ying Z, Gomez-Pinilla F. Interplay between brain-derived neurotrophic 548 
factor and signal transduction modulators in the regulation of the effects of exercise on 549 
synaptic-plasticity. Neuroscience. 2003;122(3):647-57. PubMed PMID: 14622908. 550 
36. Lamy JC, Boakye M. BDNF Val66Met polymorphism alters spinal DC stimulation-551 
induced plasticity in humans. J Neurophysiol. 2013;110(1):109-16. Epub 2013/04/12. doi: 552 
10.1152/jn.00116.2013. PubMed PMID: 23576701. 553 
37. Fritsch B, Reis J, Martinowich K, Schambra HM, Ji Y, Cohen LG, et al. Direct 554 
current stimulation promotes BDNF-dependent synaptic plasticity: potential implications for 555 
motor learning. Neuron. 2010;66(2):198-204. doi: 10.1016/j.neuron.2010.03.035. PubMed 556 
PMID: 20434997; PubMed Central PMCID: PMCPMC2864780. 557 
25 
 
38. Egan MF, Kojima M, Callicott JH, Goldberg TE, Kolachana BS, Bertolino A, et al. 558 
The BDNF val66met polymorphism affects activity-dependent secretion of BDNF and 559 
human memory and hippocampal function. Cell. 2003;112(2):257-69. PubMed PMID: 560 
12553913. 561 
 562 
Supplementary Material 563 
S1 Video. Vertical countermovement jump performance. Performance outcomes were 564 
determined from the initiation of the jump until the point of take-off only. 565 
